Obesity is a substantial public health challenge across the globe. The use of resistant starch has been proposed as a probable management strategy for complications of obesity. We investigated the effects of resistant starch intake on lipid profiles, glucose metabolism, antioxidant status, lipid peroxidation marker, blood pressure, and anthropometric variables in subjects with overweight or obesity. In this 12-week, randomized, double-blind, placebocontrolled, 2 × 2 crossover trial, 21 Participants (mean age, 35 ± 7.0 years; body mass index, 32.4 ± 3.5 kg/m 2 ) were given 13.5 g Hi-Maize 260 or placebo daily for 4 weeks, separated by a 4-week washout period. Changes in total antioxidant status (p = 0.04) and serum concentrations of insulin in 52.4% participants with insulin levels above 16 µIU/mL at the baseline (p = 0.04) were significantly different in the three phases. In addition, the mean of serum high-density lipoprotein cholesterol after the intervention was significantly higher than after baseline value (p = 0.04). We found no significant differences in serum concentrations of total cholesterol, triacylglycerol, low-density lipoprotein cholesterol, fasting blood sugar, insulin, homeostatic model assessment of insulin resistance, quantitative insulin sensitivity check index, superoxide dismutase activity, malondialdehyde, blood pressure, and anthropometric variables in the three phases of baseline, after intervention with resistant starch and after placebo. Resistant starch consumption improved serum insulin concentrations, lipid profiles, and antioxidant status in subjects with overweight or obesity.
INTRODUCTION
Overweight and obesity are the world's fifth cause of mortality, and represent a substantial public health challenge across the globe [1] . According to the results of the third national surveillance of risk factors of non-communicable diseases, the prevalence rates of central and general adiposity were about 53.6% and 22.3% respectively, among Iranian adults in 2007 [2] . Obesity is a multifactorial disorder that has been linked to chronic oxidative stress, dyslipidemia, hypertension, and hyperinsulinemia [3, 4] . Management modalities for obesity include pharmacotherapy, bariatric surgery and lifestyle modification, adherence to a healthy diet especially the functional food and regular physical activity [5] .
Resistant starch, as alimentary prebiotic, can alter the composition and activity of the gastrointestinal microbiota [6] . Resistant starch escapes hydrolysis in the small intestine, but can be fermented by resident microflora after passing into the large intestine and produces short chain fatty acids (SCFAs). The potential health benefits ascribed to resistant starch seem to be mediated via SCFAs [7] . It was demonstrated that dietary intervention with resistant starch reduces fat accumulation, increases antioxidant enzyme activity and improves glucose homeostasis and lipid metabolism [5] .
A few studies investigated the effects of resistant starch supplementation on metabolic status. An animal study has shown the effects of resistant starch on body weight [6] as well as its effects on insulin sensitivity [7] and lipid profile [8] . Few studies have been conducted in humans, though findings from small pilot studies indicate favorable effects of resistant starch supplementation on insulin sensitivity [9], lipid level, glucose metabolism [10, 11] , and oxidative stress [12] in men and women with metabolic syndrome [13] .
Resistant starch supplementation is low cost and safer than pharmacotherapy and bariatric surgery and seems to be a promising dietary fiber for the management of obesity and related risk factor [14] . To the best of our knowledge, a few randomized controlled trials have investigated the effect of resistant starch on antioxidant status [12, 15] . The present study aimed to evaluate the effects of resistant starch supplementation on lipid profiles, glucose metabolism, lipid peroxidation marker, antioxidant status, blood pressure, and anthropometric variables in subjects with overweight or obesity. of body weight within the 6 months and ≥ 5% of body weight within the 1 month before enrollment in the study; subjects were changed their routine physical activity during the 12-week intervention; pregnancy; lactation; menopause; history of acute disease; acute or chronic inflammatory diseases; cardiovascular disease; renal disease; liver disease; endocrine disease; abnormal thyroid hormone concentrations; cancer or chemotherapy/radiotherapy; use of drugs potentially affecting glucose and lipid metabolism; use of antihypertensive drugs; taking antibiotics, anti-obesity drugs, and medications that could affect energy expenditure, prebiotics, probiotics, within 2 weeks before the intervention or during the intervention; if they had a fiber intake of > 30 g/day; taking antioxidant; vitamin and/or mineral supplements; smoking; and inability to give informed consent.
Study design
This randomized, double-blind, placebo-controlled, 2 × 2 crossover trial was conducted from September 2013 to December 2013. Written informed consent was obtained from all participants before enrollment. The study protocol was approved by the Urmia University of Medical Science Ethics Committee and was registered at ClinicalTrials.gov as NCT01992783.
At baseline, subjects were randomly assigned to receive either resistant starch supplements or the identical-appearing placebo (maltodextrin). Follow-up assessments were performed every 4 weeks at weeks 4, 8, and 12 after randomization. Randomization lists were computergenerated by a statistician. Subjects, investigators, statistician, and laboratory staff were blind to the intervention assignment until the end of the study.
Sample size
In this study, we used the formula suggested for crossover trials sample size calculation. With α = 0.05, β = 5% (power = 95%), S = 0.82, and Δ = 0.46 (based on a study conducted by Mutlu-Türkoğlu et al. [16] and mean change in malondialdehyde), the sample size needed was estimated to be 21 participants. Considering a drop-out rate of 30%, the final sample size needed was estimated to be 27 participants.
Intervention
The participants in the first period were given 13.5 g Hi-Maize 260 containing up to 60% resistant starch (Ingredion Inc., Manchester, United Kingdom), while the participants in second period were given an identical appearing placebo (13.5 g maltodextrin) daily for 4 weeks, separated by a 4-week washout period. The appearance of the placebo was indistinguishable in shape, color, size, packaging, smell, and taste from the resistant starch supplement. Following the washout, the groups were crossed over to receive the opposite intervention for 4 weeks. The participants were instructed to consistently take the supplements with the main meals. At the onset of the study, subjects were requested to maintain their regular diet and levels of physical activity throughout the trial period. Adherence was assessed by supplement counts confirmed at each visit. Compliance with the supplements was monitored every week by a telephone call. None of the subjects completing the study had any serious adverse events such as gastrointestinal, central nervous system, skin symptoms, and hypoglycemia [17, 18] . 12 hours of fasting and was centrifuged at 1,465 ×g at room temperature for 10 minutes into 4 aliquot microtubes. Microtubes of each serum sample were frozen immediately at −80°C until analysis. Serum concentrations of total cholesterol, triacylglycerols (TGs), high-density lipoprotein cholesterol (HDL-C), low-density lipoprotein cholesterol (LDL-C), and fasting blood sugar (FBS) were measured by using routine enzymatic assays with commercial kits (Pars Azmoon, Tehran, Iran) with the use of an autoanalyzer (Hitachi 902 Auto analyzer; HiTAShi Ltd., Tokyo, Japan). Serum concentrations of insulin were quantified using an immunoradiometric assay kit (DIAsource INS-IRMA Kit; DIAsource, Louvain-la-Neuve, Belgium). The measurement of superoxide dismutase (SOD) was based on the principle that xanthine reacts with xanthine oxidase to generate superoxide radicals, which react with 2-(4-iodophenyl)-3-(4-nitrophenol)-5-phenyltetrazolium chloride (INT) to form a red formazan dye which is read at 505 nm [19] . The procedure was done based on spectrophotometric method (Perkin-Elmer, D-7770 Uberlingen, Germany) using a Biorex kit (Biorex, Antrim, UK). Total antioxidant status (TAS) was measured by using the determination ferric reducing ability power (FRAP) [20] . In this method ferric, present in FRAP reagent, is reduced to the ferrous form at low pH and the absorbance of resultant color is read at 593 nm using a spectrophotometer (Perkin-Elmer, D-7770 Uberlingen, Germany). Malondialdehyde (MDA) concentration was measured using Thiobarbituric Acid Reactive Substances method [21] . The method is based on the MDA reaction with thiobarbituric acid at temperature of 90°C-100°C for 30 minutes and pH = 2-3 to obtain a pink pigment that absorbs at 535 nm (Perkin-Elmer, D-7770 Uberlingen, Germany). All biochemical measurements were performed in the same laboratory with the use of standard laboratory methods.
Glucose homeostasis
Homeostatic model assessment of insulin resistance (HOMA-IR) and quantitative insulin sensitivity check index (QUICKI) were also calculated based on suggested formulas [22] .
Anthropometric and blood pressure measurements
Anthropometric measures were taken in the standing position, with participants wearing light clothing and footwear at baseline and at weeks 4, 8, and 12. Height and weight were measured with an accuracy of 0.1 cm and 0.1 kg, respectively. BMI was calculated by dividing weight in kilogram by the square of height in meters. Waist circumference was measured at the middle point between the lower rib margin and the iliac crest. Blood pressure was measured after 10 minutes of rest at baseline and at weeks 4, 8, and 12. Systolic blood pressure (SBP) and diastolic blood pressure (DBP) were measured with participants in the sitting position with the use of a validated mercury sphygmomanometer.
Statistical analyses
To determine the effect of resistant starch on serum lipid profiles, glycemic variables, lipid peroxidation marker, antioxidant status, blood pressure, and anthropometric variables, we applied a general linear model analysis of variance for repeated measurements. Also, we computed the median value of studied variables and divided the subjects into 2 groups as higher than or lower than median groups to show the effect of resistant starch on that variable in subjects with high or low level of variable. Multiple comparisons between the intervention and the placebo were followed by the Bonferroni post hoc test. In this method, in case the Mauchly's test of sphericity assumption was violated, the Epsilon and Huynh-Feldt test results are reported. Data were analyzed with the use of SPSS version 16 (SPSS, Inc., Chicago, IL, USA). For all analyses, p < 0.05 was considered significant and all data are shown as means ± standard deviations if not indicated otherwise.
RESULTS
A total of 27 participants were randomly assigned into 2 groups. After randomization, 6 participants were discontinued due to lost to follow-up. In total, 21 participants completed the trial (Figure 1) . The participants in this study consisted of 8 males and 13 females. The mean of their ages was 35 ± 7.0 years ( Table 1) . The results obtained from the participants' three-day records regarding intake of energy, carbohydrates, protein, fat, and fiber at the baseline and weeks 2, 6, and 10 did not show any significant difference ( Table 2) .
Primary outcomes
As shown in Table 3 , we found no significant differences in serum concentrations of total cholesterol, TGs, HDL-C, LDL-C, FBS, insulin, HOMA-IR, QUICKI, SOD activity, and MDA in the 3 phases of baseline, after intervention with resistant starch and after placebo. However, changes in TAS (p = 0.04) and serum concentrations of insulin in 52.4% participants with insulin levels above 16 µIU/mL at the baseline (p = 0.04) were significantly different in the three phases (Figure 2) . In addition, the mean of serum HDL-C after the intervention was significantly higher than after baseline value (p = 0.04) ( Table 3 ).
Secondary outcomes
There were no significant differences in SBP and DBP, weight, BMI, or waist circumference in the three phases of baseline, after intervention with resistant starch, and after placebo ( Table 3) .
DISCUSSION
In the present study, we showed that the consumption of resistant starch for 12 weeks led to statistically and clinically significant improvements in TAS, serum concentrations of insulin and HDL-C whereas serum lipid profiles, glycemic variables, and antioxidant and lipid peroxidation markers remained unchanged.
Nowadays, resistant starch has drawn the interest of investigators due to its health benefits and nutritional characteristic [23] . According to data from the National Health and Nutrition Examination Survey III, the findings on overweight and obese adults indicated a strong correlation between BMI and abnormal lipid profiles [24] . In this study, we found no effect of resistant starch on total cholesterol, TGs, and LDL-C. A meta-analysis of 14 clinical studies found that resistant starch is potentially useful for improving lipid profiles, particularly when administered for duration longer than 4 weeks [25] . Consistent with our results, Kwak et al. [12] did not observed significant improvement in lipid and lipoprotein profile after the intervention with 6.5 g/day resistant starch. However, we found significant increase in HDL-C after the intervention with 13.5 g/day resistant starch. This lack of effect in study by Kwak et al. [12] might be explained by the fact that the lipid-lowering effects of resistant starch may be dependent upon high levels of intake [26] . In our study the beneficial effect of resistant starch on HDL-C could be through decreasing the dietary cholesterol absorption in the intestine, increasing of faecal cholesterol excretion, and increasing the production of SCFA via gut microbiota fermentation, in particular, propionate and butyrate, which may inhibit of hepatic cholesterol synthesis [7] .
Findings from the current study showed that the administration of resistant starch supplements affect serum concentrations of insulin in 52.4% participants with insulin levels above 16 µIU/mL. However, we found no significant differences in this parameter in subjects with insulin levels below 16 µIU/mL. Therefore, it is possible that normal insulin levels are not affected by resistant starch; although, this warrants further investigation. In our study, a best explanation for reducing insulin responses is increasing the production of SCFAs [7] . SCFAs have been shown to have insulin-like effects; reducing gluconeogenesis, activating glycogen synthase in hepatocytes and stimulating glycolysis, all functions to lower circulating glucose [27] . Ble-Castillo et al. [28] reported that consumption of 24 g/ day resistant starch supplementation for 4 weeks did not affect FBS and insulin resistance in obese type 2 diabetes mellitus (T2DM) patients. Lobley et al. [29] reported that intake of 25 g/day resistant starch for 3 weeks improved plasma insulin, insulin sensitivity and HOMA-IR in obese subjects, but fasting glycemia remained unchanged. Maki et al.
[9] also observed a significant increase in the insulin sensitivity index, but no significant change in FBS after consumption of 15 and 30 g/day resistant starch for 4 weeks. This discrepancy in results may be due to differences in source of resistant starch, dose and type of resistant starch supplementation, and the pathologic state of the subjects. It seems that a high daily intake of resistant starch has a positive effect on improving glucose metabolism and could decrease the development of T2DM [11] . Further dose-response investigation would therefore be required for a recommended daily intake for specific groups and general public. Decreases in antioxidant enzymes may be ascribed to rapid utilization and exhaustion of their storage in the body when encountering free radicals generated during development of obesity. Previous studies have shown that transfer of pathogenic bacteria products from the intestinal lumen into the circulation increases oxidative stress [30] . In current study, increased TAS by resistant starch consumption may be ascribed to inhibition of this procedure by reducing of inflammation and endotoxin and scavenging of reactive oxygen Different alphabet indicates significant difference (p < 0.05) in the same raw by paired t-test. Pairwise comparisons between periods were performed with the use of Bonferroni adjustment to account for multiple comparisons. *The p values were computed by using general linear model analysis of variance for repeated measurements. 
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After the placebo Figure 2 . Changes in TAS (A) and serum concentration of insulin in 52.4% participants with insulin levels above median (16 µIU/mL) at the baseline (B) in overweight or obesity subjects in the three phases of baseline, after intervention with resistant starch and after placebo for 12 weeks. Values are means ± standard deviations. On the basis of general linear model analysis of variance for repeated measurements there were significant differences in the three phases (p = 0.04). TAS, total antioxidant status.
species [31] . Kwak et al. [12] reported that rice including 6.5 g/day resistant starch decreased oxidative stress after 4 weeks in patients with prediabetes. Similar findings have been reported after intake of 10 g/day resistant starch in patients with T2DM [32] . In contrary to our study, Thampi et al. [33] found decreased MDA concentrations as well as increased SOD and catalase after fiber supplementation compared with a control diet in rats. Possibly, dietary fiber influenced the amount of lipid peroxidation by enhancing the activity of antioxidant enzymes; this hypothesis needs further evaluation.
Our limitations in this study are low sample size and short duration of intervention. Another limitation of this study was that we did not evaluate the gut microbiome. Although we considered no inclusion criteria regarding the variables level, we noticed that the effect of resistant starch on insulin is different in subjects with different baseline levels of this variable; so, we conducted a secondary analysis to show this important finding and we suggest that future studies focus on the effect of resistant starch in hyperinsulinemic patients. Crossover design is the most important advantage of the present study. In a crossover design study, variability is reduced because each participant serves as own control.
CONCLUSION
In conclusion, this randomized, double-blind, placebo-controlled, crossover trial provided some evidence that consumption of resistant starch for 12 weeks led to significant improvements in TAS, serum concentrations of insulin and HDL-C whereas lipid profiles, glycemic variables, and antioxidant and lipid peroxidation markers remained unchanged. Further clinical studies are necessary to confirm the positive effects of resistant starch in subjects with overweight or obesity.
